Abstract. For a sustainable forest management, a sitespecific knowledge on the water balance is a prerequisite. A simple and popular field method for assessing the water balance of forest sites is based on overlaying relief and soil information. Furthermore, climatic influence on the water balance is often restricted to longtime average values of precipitation and air temperature (whole year and/or growing season). However, the impacts of climate change and climatic extremes, as well as silvicultural changes, are inadequately considered. To overcome these short-comings, we integrated the 1D-SVAT model BROOK90 and a radiation model in a GIS to simulate the spatially distributed components of water balance of forest sites. In this paper, we present the model concept and show an approach to describe the influence of a complex terrain on parameters controlling the spatial distribution of energy and water fluxes.
Introduction
A site-adapted and sustainable management of forest sites requires a spatially differentiated knowledge of the water balance, notably the dynamics of plant-available water pools in the soil. In particular, practitioners are interested in knowing if the water available at the site is sufficient to ensure an optimal stand growth. In the lumped approaches of forest site evaluation in Germany (AK Standortskartierung, 2003) , water availability is assessed by overlaying information on climate, relief, and soil. The climatic influence on soil water dynamics is defined by the combined use of long-year average values for precipitation and air temperature (whole year or growing season). The relief describes the influence of topography (at slopes: aspect, length, shape, and gradient) on the distribution of energy and water fluxes. The influence of Correspondence to: K. Schwärzel (kai.schwaerzel@frsws10.forst.tu-dresden.de) the soil on the water supply and the water balance is characterized by the water storage capacity of the soil and by the water table effects.
However, the aforementioned approach allows only a qualitative, semi-empiric classification of the water balance of forest sites on the basis of field observations. Such an assessment of the water supply is mostly based on longtime average values which roughly characterize the general growth conditions with respect to climate. Periods of climatic extremes (notably droughts), which have also a high ecological relevance, are normally neglected. Furthermore, the impacts of climate change as well as forest management (e.g. choice of tree species and their mixture, thinning regime) are inadequately considered. To overcome these problems we have started to develop a GIS-based modeling system that enables a spatially distributed prediction of the water balance of forest sites, depending on climate, topography, soil type, and forest stand. Our testing area Tharandter Wald (60 km 2 ) is situated about 25 km SW of Dresden (SE Germany). The Tharandter Wald is part of the lower elevations of the E Ore Mountains (Osterzgebirge) and features distinctive variablities in relief, soil type, and vegetation. Since 1996, at different spatial and temporal scales, energy and water fluxes have been measured continuously using the eddy covariance technique, sap flow, and soil water content at two sites stocked with Norway spruce (Picea abies) and common beech (Fagus sylvatica) (Grünwald and Bernhofer, 2007) . These measurements are essential for the development and calibration of the modeling system. In this paper we present (i) the concept of the GIS-based modeling system, (ii) a comparison of observed and predicted values of the water balance components of the spruce stand, and (iii) first results of the regionalization of input data of radiation and precipitation. 
Modeling concept
For modeling we use the physically-based soil water model BROOK90 (Federer, 1995) . BROOK90 simulates the daily evapotranspiration and the water movement in variably saturated soils, with provision for streamflow generation using different flow paths. The model calculates rates of evaporation (soil and snow), transpiration, and evaporation of intercepted rain and snow. The following meteorological input data are required on a daily basis: precipitation, maximum and minimum temperature, vapor pressure, wind, and solar radiation or sunshine duration. BROOK90 uses the Shuttleworth-Wallace approach (1985) for separating transpiration and soil evaporation from sparse canopies, and for evaporation of interception. In our study we used LWF-BROOK90 (Version 3.3), which had been modified by Hammel and Kennel (2001) from the original BROOK90. Compared to the version by Federer (1995), the LWF-BROOK90 allows a description of the soil hydraulic properties using the van Genuchten- Mualem-model (VGM-model; van Genuchten, 1980; Mualem, 1976) , the simulation of stand development over the time, and the alteration of LAI during the season using a phenological model (Menzel, 1997; von Wilpert, 1990) . To simulate the spatially distributed water balance the 1D-process-oriented model LWF-BROOK90 was integrated in a GIS environment ArcView. This approach called BROOK90+ includes several routines for formatting, processing and managing information on geography, meteorology, pedology, and land use. Furthermore, it contains modules for the daily calculation of spatially distributed meteo- rological input values. For this purpose, the transfer of meteorological data measured at the ground station to the area is based on the digital elevation model (SLVA) of the Land Survey Office of Saxony with a resolution of 25 m. Besides the soil water model LWF-BROOK90, the radiation model GIS-RAD was integrated in the GIS environment. With GISRAD, short-wave radiation components at an inclined surface can be calculated or adapted from measurements for arbitrary locations and different time steps by a surface related radiation factor (Goldberg and Häntzschel 2002, see Fig. 3) . Note that the effects of shading by the surrounding surface or the slope can be also considered (Häntzschel et al., 2005) . The regionalization of temperature values are realized by elevation gradients, which are derived from long term measurements of surrounding climate stations. A similar approach is used to calculate the precipitation of the area (see Fig. 4 ). It considers interactions between inclined slopes and wind direction based on trigonometric functions according to Junghans (1967) and Goldberg (1999) . The necessary information of wind direction, wind speed, and vapor pressure is received from climate stations of the study area. Vegetation parameters (stand characteristics such as tree height, tree (canopy) density or the leaf area index) are derived from land-use maps and forest inventory data. For the spatially distributed simulation of the soil water fluxes information on the hydraulic properties of the individual soils (water retention curve, unsaturated hydraulic conductivity) are needed. A viable approach to gather such information may be the analysis of forest soil maps (scale 1:10 000) and corresponding soil profile descriptions. A first step is to examine soil texture data in order to aggregate "soil hydrological units" from the multitude of existing soil series as outlined in the forest site map. For these units, the parameters of the water retention curve and the hydraulic conductivity function will be derived by means of pedotransfer functions.
Results

Calibration of LWF-BROOK90
Using the LWF-BROOK90 the evapotranspiration and runoff components and changes in the soil water supply were calculated on a daily basis for an old spruce stand for the period 1/11/1996-31/12/2005. The soil at this site is a loamy skeletal podsol-brown earth (WRB: Dystric Cambisol). It can be seen from Fig. 1 that a close agreement between the measurements and the simulations was obtained. The differences between the observed and predicted annual sums of evapotranspiration were <10%. During the simulation period, we found a mean evapotranspiration of 475 mm yr −1 ; this amount corresponds to ∼60% of the annual precipitation.
LWF-BROOK90 was able to reflect well the observed pattern of a seasonal variation of drying out and being remoistened (Fig. 2) . Discrepancies between measured and simulated water contents occur mainly in the winter months. In these months, alternating soil frost and thawing processes, especially in the topsoil, led to extreme fluctuations in the water content which the model was not sufficiently able to reproduce. The low water content in the topsoil could, moreover, be due to frost-dependant artifacts in TDR measurements.
Regionalization of meteorological data
For the provision of spatially distributed solar radiation data, the radiation model GISRAD was interfaced with the GIS. This procedure allows for extrapolating data measured at local stations (point information) to a whole target area by using terrain geometry and atmospheric conditions at a given time. This regionalization procedure can be carried out as follows: For each day of the year, at each point of our testing area the ratio between the maximum solar radiation at this location and at the local measurement station was modelled in GISRAD (the spatial resolution depends on the grid space of the digital elevation model). So, for every point and for every day of the year we obtain a factor, which describes the variability in solar radiation due to the terrain geometry in relation to the measurement station. With it, the daily solar irradiance, measured at the "Anchor Station" can be adapted to the surrouding area. Figure 3 shows this ratio (factor) for our testing area on 21 June. The influence of the terrain geometry on the distribution of energy is striking. The south-facing slopes obtain up to 40% more irradiation than the north-facing slopes. Figure 3 describes the distribution of the solar radiation without considering cloud cover. To take into account the effects of cloud cover on solar radiation it is necessary to multiply the actually measured solar radiation with the aforementioned factors.
The impact of terrain geometry on the distribution of precipitation is shown in Fig. 4 . The map exemplifies the factors between the annual values of the hydrological and meteorological precipitation. Notice the meteorological precipitation describes the rate of precipitation measured at a climate station and adapted to the surrounding terrain by a known elevation gradient. The hydrological precipitation additionally takes into account the impact of wind effects (luv/lee) on the meteorological precipitation (Junghans, 1967) . The results presented in Fig. 4 are based on orographic gradients and the analysis of long-term distribution of wind direction/precipitation using a 30-yr dataset for various stations in the Ore Mountains (Goldberg, 1999) . Rain shadow effects are clearly visible on the east-facing slopes whereas the west-facing slopes of our testing area receive up to 10% more annual precipitation.
Outlook
Upon completion of BROOK90+, a spatially distributed simulation of the water balance of our testing area will be conducted on the basis of a long-term dataset of atmospheric conditions. Model runs with BROOK90+ will take place in two ways. First, based on the horizontal resolution of the digital elevation data water balance will be simulated for each grid point, to figure out the effects of topography, soil hydrological units, and tree species on evapotranspiration and soil water dynamics. Based on these outcomes and in consideration of derived "soil units" an aggregation of new calculation areas with a practicable resolution will follow. The influence of the complex terrain on the water balance components can then be evaluated using spatially distributed stress indicators (e.g. degree of water depletion by the plant roots during the growing season, ratio between actual and potential transpiration, frequency and duration of drought/water logging). This will allow the retrospective analysis of site conditions, e.g. for the interpretation of growth or for the simulation of different practice of forest management. Also, the quantification of water balance components related to a larger area (e.g. groundwater recharge) will be feasible. This ensures an advanced use of forestry data to address hydrological problems.
